Several cstimates of thc rate a t which thc mean and eddy forms of both kinetic energy and available potential energy arc gencratcd, convcrted, and dissipated in the atmosphere are compared in tabular form. From these tables a selection is made of those values which arc, in the author's opinion, rcprcsentative for thc yearly energy cycle in the Northern Hemisphere.
INTRODUCTION
I n this article a critical survey will be given of statistics obtained by several investigators for the large-scale generation, dissipation, and conversion of energy in the atmosphere. Kinetic and avnilable potential energy, both subdivided into their mean and eddy (deviations from the mean) contributions, will be considered as four separate forms of energy. This formulation was introduced by Lorenz [SI.
The discussion will be restricted to the Northern Hemisphere. Only long time averages (Le., averages over a peri3d of a year, a winter or a summer half-year) will be considered; this is often a necessary condition for obtaining statistically significant values.
Only rough agreement is found among the estimates of different investigators regarding the fundamental characteristics of the general circulation. Therefore, it is of interest to examine the available material for the energy budget, and to attempt to construct from this material a quantitative picture of the energy cycle.
POSSIBLE DEFINITIONS OF MEAN AND EDDY FIELDS
If one considers the atmosphere, one can distinguish among three classes of eddies, namely eddies in the zonal, the meridional, and the vertical direction. We shall consider only the eddies in the zonal direction and also ( )"=deviation I'roni this area average, c,=specific heat a t constant pressure, and where 0 =potential te tnperature, R= gas constant , and pa= 0 R b6 -l T cPp (G) ' 1000 nib. (Lorenz used in this case y=---However, il one uses this last expression for y, extra terms will enter the equations for the balance of available potential energy aside from the terms which represen t the expected energy transforniations. These extra terms depend mainly upon the variation of the mean (i.e., averaged over a closed pressure level) static stability with pressure. I n order to avoid these extra (and probably meaningless) terms, i t appeared necessary to use from the beginning y= -k (gy in the definition of available po-
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Vol. 92, No. 1 1 tential energy, where k is independent of pressure and time; see e.g., the expression given above. The numerical differences with LorenzJs formulae are quite smdl.) I n the space domain mean kinetic energy is defined as the kinetic energy of the zonally averaged motion, in the time domain it is defined tis the kinetic energy oE the time-mean inotion , and in the mixed space-time domain as the kinetic energy of the time-mean and zonal-mean motion. What is left of the total kinetic energy is called in each case "eddy" kinetic energy. Andogous definitions are used in the case of mean and eddy available potential energy. One should clearly distinguish between these three methods, since it is obvious that the values ol the mean kinetic and mean avidable potential energy coniputed in the space and time domain are both larger than those computed in the mixed spnce-time domain. On the other hand, eddy kinetic and eddy potentid energy computed in the space and time domain are smaller than il' they were calculated in the mixed space-time domain. Also, tlie numerical values of the rate a t which mean or eddy energy is generated , dissipated, and transformed, are quite different in the three systeiiis. Knowledge of the energy cycle in the space domain answers qucstions concerning the maintenance of the zonal-mean state and the zonal eddies. On the other hand, a similar knowledge in the time domain enables us to consider the maintenance of the time-mean state and the transient (in time) eddies. Finally, the energy cycle in the mixed domain gives inlormation on how the time-and zonal-mean state and the sum of transient and standing eddies are maintained. The energy integrals for the three systems will be conipared in more detail in the appendix of this paper. In general, it is difficult to decide which one of the three approaches is preferable. The choice must depend inore or less on the information which one desires to obtain.
DATA AND METHODS OF COMPUTATION
A separation into three categories will be made according to the kind of data and the methods of reduction used in calculating the energy integrals in tables 1, 2 , 3 , and 4 .
(A) Basic information consists of the observed values of the horizontal wind components and the temperature. Vertical in0 tions are computed with tlie so-cnlled adiabatic method. Especially over the ocean areas this method is h m p e r e d by inadequate data coverage. Principal investigators: V. P. Starr Estimates of the terms in the energy cycle are rivailnble only in the "space" and in the "mixed space-tirne" domain. Most coniputtitions have been carried out in what was ciilled above the splice domain. I n this method all integrals are computed on a daily basis, while the averaging in time occurs only 11s a last step. As far as is known to the author, no extensive calculations have been carried out in the time domain. On the other hand, some work has been done in the mixed space-time doninin. I n this method the e\duation of the energy trtinsfornintions is less time-consuming than in the space or time donlain since it is not necessary to calculate these integrals for each day separately. In the next section we shall present some tables which give the estimates of several investigators of the energy integrals in the space and mixed space-time dornzLin.
The following symbols will be used: 
DISCUSSION OF ENERGY INTEGRALS
In tables 1 and 2 some estimates are given of the amount of mean and eddy kinetic and available potential energy present in the atmosphere of the Northern Hemisphere. The estimates in the space domain are presented in table 1 and those in the mixed space-time domain in table 2 . The tables contain, besides the estimates, some relevant inlormation concerning the representativeness of the data.
Estimates of the energy generation, dissipation, and conversion in the space and mixed space-time doinuin mny be found in tables 3 and 4. Some comments will be made concerning the energy integrds in these tables.
(1) Generation ol eddy svnilable potential energy tiLkes place if at a certain pressure level rehtively warm air masses are heated and cold air masses are cooled as a result of the combined efTects of' radiation, condensation or evaporation, and turbulent exchanges with the earth's surface. This eddy generiition was computed in the space domain by Wiin-Nielsen and Brown [30] and Brown [I] with the aid of daily hemispheric h e h n g fields which were calculated from the therniodynnmic equation. According to their calculations ditibatic heating destroys eddy available potential energy. This could be expected il the exchange of heat between the atmosphere and the earth's surface were the determining fwtor; in general this exchange will have the tendency to cool warmer air masses and to warm colder air masses. The 2-parameter baroclinic model used by Wiin-Nielsen and Brown for evaluating vertical motions may underestimate the creation of eddy iivailable potential energy due to condensation heating. This would make their eddy generation too negative. Suomi and Shen [26] found a buildup of eddy potential energy which was due only to the influence o€ infrared cooling. This was derived from radiation measurements made by Explorer VII. The sample was limited to a period of 13 days and to a small horizontal area. Therefore, it is probably not representative and further measurements are needed.
From balance considerations it follows that in the mixed space-time domain not a dcstruction but IL creation of eddy available potential energy may occur (see ncxt section).
(2) The dissipation of kinetic energy by friction cannot be measured directly. The best method is to compute the dissipation as the residual term in the balance of kinetic energy. This was done for the sum of mean and eddy kinetic energy by Holopainen [ 5 ] for eiich day of a period of three winter months over England. Although the daily d u e s cannot be trusted, the order of magnitude might be correct.
(3) Overturnings of the atmosphere on the largest scale (i.e., rings of air moving across latitude circles) give a con- appear to give smaller conversions be tween potential and kinetic energy. Summarizing, our best estimate is that the conversion between mean potential and mean kinetic energy is small compared to, for example, the conversion from eddy potential into eddy kinetic energy. (4) The eddy conversion from potential into kinetic energy in the space domain is given essentially by the covariance of w and T within latitude circles. In all estimates of w which were used for the calculation of C(PE,KE) in table 3, the effects of diabatic heating have been neglected. Unfortunately, it is not known how reliable this approximation is. The same difficulty holds in the computations of the conversion in the inixed space-time domain.
(5) The horizontal area of integration does not always cover the entire heniisphere. For example, the objective NMC analyses which were used by the investigators of group B do not extend to latitudes lower than 17.5" N.
For this reason the conversion and generation terms are integrated only over an area from the pole to about 20" N. It would, indeed, be incorrect to extrapolate these conversion rates to the equator. Recently indications have been found of a negative value of the rates of conversion from mean potential into eddy potential and from eddy potential into eddy kinetic energy a t low latitudes (in middle latitudes these integrals are large and positive). I n other words, there is evidence of an eddy heat transport against the mean meridional ternperature gradient and also of a conversion from kinetic into potential energy by the large-scale eddy processes in tropical latitudes (see Peixoto [Ill, Starr and Wallace [24] ). This indirect action of the eddies in the Tropics may be compared with the quite similar operation of the disturbances in the lower stratosphere (see Oort [lo] ).
(6) The rate of transforination between mean and eddy kinetic energy is given essentially by the product of the eddy transport of momentum and the gradient of mean angular rotation both taken in the north-south direction. Similarly, the rate of transformation between mean and eddy potential energy is given by the product of the eddy transport of heat and the gradient of mean temperature, also both in the north-south direction. For both terms there is a considerable numerical difference between the conversion rates computed in the space and in the mixed space-time domain. As an illustration, we may quote Starr's [21] nieasurements of the conversion from eddy into mean kinetic energy for the first six months of 1950. Starr computes 0.38 watt m.-' in the space domain and with the same data 0.15 watt ni.-' in the mixed space-time domain. There is evidence of n similar difference in the rate of conversion from mean into eddy potential energy.
The investigators of group B, using Lorenz's approach , estimate a value of about 3.0 watt m.-2 for the year, but the data of the investigators of group A, using the mixed space-time approach, give the much smaller value of about 1.2 watt rn.r2. The rate of conversion from mean into eddy potential energy is stronger in the space than in the mixed domain, since in the first case an extra term is included which depends on the covariance in time of the down-gradient eddy transport of heat and the meridional temperature gradient itself (see appendix). As will be seen in the next section, this extra term may significantly alter the value of the generation of eddy available potential energy as determined from balance conditions.
(7) Starr [23] noticed that the integral C(K,, K,) had a positive value for each month of the year 1951; i.e., during each month the eddies gave kinetic energy to the zonal current. The same was true for four of the five months considered by Wiin-Nielsen, Brown, and Drake [31] ; only January 19G3 formed an exception. During this month the large-scale disturbances drew kinetic energy from the zonal flow. I n this respect January 1983 must have been an exceptional month. (8) A comparison of the energy integrals calculated in the numerical experiments (Phillips [14] , Smiigorinsky [20] ) with those calculated from actual data shows that the dissipation of eddy kinetic energy in the experiments is too small, while the dissipation of mean kinetic energy is much too large. Presumably this is related to d aculties in formulating the dissipation mechanism. A further consequence of the incorrect dissipation rates is that too much eddy kinetic energy is converted into mean kinetic energy.
DIAGRAM FOR THE ATMOSPHERIC ENERGY CYCLE
From the generation, dissipation, and conversion rates in tables 3 and 4 a careful selection was made by considering the representativeness of the data. The author's best estimates of the order of magnitude of the hemispheric energy processes for the period of a year are presented in two diagrams, one for the space domain ( fig. 1 ) and the other for the mixed space-time domain (fig. 2) . No special averaging process was used in determining the numbers from the data given in tables 1 through 4. The necessary balance conditions for each energy component have been taken into account in the construction of these flow diagrams. I n the diagrams the smcill circles indicate the four forms of energy. The large circle which encloses the four smaller ones represents the ''environment". The numbers on the connecting lines indicate the rate of conversion, generation, or dissipation for the different forms of energy. The numbers within the small circles give the amount of energy present. The dissipation rates are derived indirectly froni the other estimates using balance requirements; the same holds t o a certain estent for tlhe generation rates. As is well known the energy cycie proceeds in the average from mean available potential energy via eddy available potential energy and eddy kinetic energy, to, finally, the mean kinetic energy, i.e., in a counterclockwise direction in figures 1 and 2. The important steps in this cycle will be discussed below in some detail. The numbers for the mixed space-time domain will be placed in parentheses after the numbers for the space domain.
At low latitudes the earth-atmosphere system gains more energy per unit area by the absorption of shortwave radiation from the sun than it loses to space by the emission of long-wave radiation; the reverse is true at high latitudes. Since in the troposphere, which contains the bulk of the atmosphere, the higher temperatures are found a t low latitudes and the lower temperatures a t high latitudes, mean available potential energy is created as a result of radiation. The creation due to all diabatic sources amounts t o 3.1 (1.4) watt m.-2. Without rotation the release of this energy would take place through an axially symmetric, meridional Hadley circulation. However, because of the actual conditions of rotation and herthing of the earth and its atmosphere, asymmetric, eddy circulations take over the task of the mean meriddional circulation as convective units. The zonal currents connected with the meridional temperature gradient have a maximum instability a t the wavelength of the large-scale eddies. The conversion from mean available potential energy into its eddy counterpart occurs at the estimated rate of 3.0 (1.5) watt m.-2. I n the space domain heating processes appear to destroy (in the mixed domain they appear to create) eddy potential energy a t the rate of -0.8 ($0.9) watt m.-2. The remr,ining energy, i.e., 2.2 (2.4) watt m.-2, is converted into eddy kinetic energy. The conversion from eddy kinetic into mean kinetic energy, which maintains the zonal currents against the frictional dissipation by small-scale eddies, is only about 0.4 (0.3) watt m.?.
To maintain the balance of the eddy kinetic energy it is necessary that about 80 percent of the eddy kinetic energy which is released by convection, i.e., -1.8 (-2.1) watt m.-2, be destroyed by fricbion. The dissipation of mean kinetic energy is comparatively small, namely -0.5 (-0.2) watt m.-2, since the exchange between mean kinetic and mean available potential energy is only 0.1 (-0.1) watt m.-*.
APPENDIX
Expressions for the energy integrals in the space (a), time (b), and mixed space-time (c) domain will be presented. Further, in order to obtain a better understanding of the differences in the flow diagrams (figs. 1 and 2 ) for the energy cycle, the integrals for the space and mixed domains will be compared (d). Finally, all equations are averaged in time over the period considered and integrated over the total mass of the atmosphere. $=hemispheric average of b over isobaric surface
The basic equations used in deriving the formulae for the generation, destruction, and conversion rates of kinetic and available potential energy are the first law of thermodynamics 
